ABSTRACT: Nickel catalysts are commonly used in many industrial processes including the hydrogenation, hydrotreatment, hydrogenolysis, methanation and steam reforming of hydrocarbons. One of the important problems associated with these processes is the coking of such catalysts and in the present paper a new technique for measuring the coking rate in the steam reforming of hydrocarbons is presented. The methodology employed eliminates objections raised concerning gravimetric methods which are most frequently employed in the study of the rate of coking of catalysts. Qualitative agreement between the results obtained using both methods was demonstrated for catalysts differing both in composition and texture. The new method allows a better characterization of the resistance towards coking of nickel on various supports and in the presence of various promoters.
INTRODUCTION
Many catalytic processes involving hydrocarbons are deactivated as a result of coke formation. In quantifying the effect of coke on the catalyst activity, knowledge of the rate of coke deposition is vital.
Thermogravimetric microbalance reactors are very often applied in studies of catalyst coking and the gasification of the deposits formed. However, some objections have been raised regarding the use of such measurement systems, including criticisms of the methodology employed such as incomplete contact between the reaction mixture and the catalyst, as well as different values for the flow resistance. The traditional microbalance method is considered to provide the best estimation for the formation and removal rates of carbon deposits from catalysts varying slightly in texture (e.g. promoted systems prepared by impregnation methods), while the influence of different flow resistance values on the results obtained can be neglected.
Recently, a new technique for measuring the weight changes of the sample during the process of coking or gasification has been employed, i.e. the so-called vibrational balance [the tapered element oscillating microbalance (TEOM)], in which weight changes are determined from changes in the vibration frequency of the cell containing the catalyst (Fung et al. 1994; Chen et al. 1996 ). It appears that this method for determining changes in the weight of the catalyst sample when the latter is in contact with the full reaction mixture stream is free from disadvantages inherent in the conventional thermogravimetric method (Liu et al. 1997) . A schematic comparison of the traditional microbalance and the vibrational balance is presented in Figure 1 . Another way of eliminating the limitations imposed by diffusion effects on coking rate results could be achieved by conducting measurements in mixtures which are very close to the equilibrium composition. The main aim of the studies presented was the application of such methodology to the study of the coking rate of nickel catalysts designed for hydrocarbon steam reforming. The studies were undertaken on reaction mixtures which were in equilibrium relative to the conversion of methane and carbon monoxide with steam and to the possible evolution of coke deposit in the reactions:
As a result of the constraints operating on the conversion reaction of methane and carbon monoxide with water vapour, measurements made under such conditions ensure a stable composition for the gaseous phase in the reaction zone and negligible differences in the gaseous composition inside the catalyst grains relating to the carbon formation reaction.
Another aim of the present work was to compare the results obtained with earlier ones concerning the rate of coking in a conventional microbalance reactor. Comparison of three series of nickel catalysts for steam reforming is described in detail below. Such comparison of the results of coking rates obtained by different methods enables a decision to be made as to whether measurements of catalyst coking employing an equilibrium mixture provide a better route than the traditional method for the estimation of coking during the steam reforming of n-butane.
EXPERIMENTAL

Methods
The total surface areas of the samples were determined by measuring the extent of argon adsorption at liquid nitrogen temperature in a static-volumetric apparatus in which the vacuum attained was better than 2 × 10 -6 kPa. The active surface area of Ni after reduction was determined via hydrogen chemisorption at 25ºC and 13.3 kPa pressure, assuming the stoichiometry H/Ni = 1:1 and that the surface area occupied by one hydrogen atom was 0.065 nm 2 (Bartholomew and Farrauto 1975) . The mean size of the Ni crystallites (d H ) was determined from the data obtained (Borowiecki 1984) . Science & Technology Vol. 19 No. 6 2001 Studies of catalyst coking were carried out at atmospheric pressure in a flow reactor 38 mm in diameter employing gravimetric methods in which the catalyst samples were placed in a quartz basket hung on the balance arm (Borowiecki 1984) . Such experiments were performed employing the scheme depicted in Figure 2 . Thus, initial catalyst coking was carried out by conducting the n-butane cracking reaction at 550ºC in order to reduce the induction time (particularly for promoted catalysts) prior to obtaining linear weight changes for the deposits formed ('steady-state coking') (Rostrup-Nielsen 1984). The reactor was flushed with oxygen-free nitrogen after the initiation of catalyst coking, following which studies of the coking rate were conducted employing the following reaction mixture (vol%): CO (7.5), CO 2 (1.95), CH 4 (58.4), H 2 (32.2) and H 2 O (3.7). This corresponded to the gas equilibrium composition after CH 4 reforming at 550ºC for an initial H 2 O/CH 4 ratio equal to 0.2.
The results for the coking rate obtained using the conventional method (Borowiecki 1984) were taken from earlier papers (Borowiecki and Go/ l ' ebiowski 1994; Borowiecki et al. 1996 Borowiecki et al. , 1998 .
Catalysts employed
The studies described were carried out using the following catalytic samples:
commercial nickel catalysts on various a-Al 2 O 3 supports designated below by the symbols Ni(A), Ni(B) and Ni(C); nickel catalysts promoted with molybdenum or potassium, which were virtually identical in texture to the system Ni(B) (Borowiecki and Go/ l ' ebiowski 1994; Borowiecki et al. 1997 Borowiecki et al. , 1998 ; nickel catalysts designated with the symbols Ni(-), where the number in brackets denotes the amount of MgO (wt%) in the Al 2 O 3 -MgO carrier, and which exhibited significant textural differences.
Commercial nickel catalysts were obtained by impregnation of appropriate supports with a nickel(II) nitrate solution while catalysts containing varied amounts of promoters such as MoO 3 or K 2 O were prepared by impregnation of an appropriate Ni/a-Al 2 O 3 commercial catalyst with a solution of an appropriate promoter salt, i.e. ammonium heptamolybdate or potassium carbonate, respectively. After impregnation, the samples were dried at 105ºC and calcined at 450ºC for 4 h.
A series of nickel catalysts Ni(-) was prepared employing deposition methods (Borowiecki et al. 1995 (Borowiecki et al. , 1996 on carriers containing Al 2 O 3 and MgO at various ratios over the range 9 ® 0. Thus, an aqueous solution of nickel nitrate was added dropwise at 70ºC to an aqueous suspension of the oxide-containing carriers and, after washing, the sediments were filtered, dried at 105ºC and calcined in air at 350ºC for 10 h. To the powders thus obtained was added 2 wt% graphite and the resulting mixture pressed to obtain a tablet of an appropriate size.
RESULTS AND DISCUSSION
Physicochemical properties of the catalysts prepared
Following reduction at 700ºC or 800ºC in a flow of oxygen-free hydrogen, the resulting compositions and properties of the various catalysts were determined by appropriate methods. The corresponding data are listed in Table 1 .
It will be seen from Table 1 that the introduction of the two promoters studied (Mo or K) had very little effect on either the total or active surface areas of the Ni(B) catalysts. However, modification of the support composition of the Ni/Al 2 O 3 -MgO catalysts over an MgO range of 10-100 wt% led to significant changes in both the total and active surface areas of the investigated samples, with a distinct maximum for the active nickel surface area being observed for the system containing 40 wt% MgO in the composition of the support.
Catalyst coking
Preliminary studies
Such studies were undertaken employing the typical commercial nickel catalyst Ni(A). After coking the sample through use of the n-butane cracking reaction, measurements of the changes in the sample weight during the reaction were made in the equilibrated mixture (Figure 3 ). The linear increase in the weight of the carbon deposits observed enabled a ready determination of the rate of catalyst coking. Irrespective of the amount of carbon deposit formed in the initial cracking reaction (over the range 8-22 wt%), coking of the Ni(A) catalyst in the equilibrated mixture was established virtually immediately, with the rate being independent of time and equal to 6.95 ± 0.17 mg C/(g cat min) (Figure 3) . Elimination of preliminary coking in n-butane cracking also had no effect on the coking rate, with the time period necessary to reach a stable increase in the sample weight being very short (~5 min), thereby indicating a very high 'coking potential' for the equilibrated mixture employed.
Promoted nickel catalysts with the same texture
As mentioned earlier, the aim of the present studies was the evaluation of the possible application of mixtures with compositions close to that of the equilibrated system (for the steam reforming of methane) in order to determine the resistance of the various catalysts towards coking. The results thereby obtained were compared with the coking rates observed in the steam reforming of n-butane as determined using the common gravimetric procedure. For such comparison, the coking rate results obtained for n-butane steam reforming at a molar ratio of H 2 O/C 4 H 10 = 2.0, i.e. at a ratio of H 2 O/C = 0.5, were employed (Borowiecki and Go/ l ' ebiowski 1994; Borowiecki et al. 1996 Borowiecki et al. , 1997 . The H 2 O/C ratio for the steam reforming of methane in the 'equilibrated mixture' was 0.065. Table 2 presents the coking rates determined by the two methods for promoted catalysts exhibiting the same texture, while Figure 4 illustrates the coking rates of nickel catalysts and nickel-promoted (Mo, K) catalysts which indicate qualitative agreement for the estimation of coking resistance as obtained by the two different methods. In both types of experiment, the promoted catalysts coked more slowly than the nickel catalyst employed. It will be seen that the changes in the chemical character of the catalyst surface led to changes in the rate of carbon deposition. As shown earlier (Borowiecki et al. 1997) , the influence of the molybdenum promoter on the rate of coking of the nickel catalyst depended significantly on the partial pressure of steam present in the reaction mixture, i.e. on the H 2 O/C ratio. The presence of very low H 2 O/C ratios in the equilibrated mixture caused only a slight decrease in the coking rate of catalysts, including those containing molybdenum. Science & Technology Vol. 19 No. 6 2001 Nickel catalysts supported on a-Al 2 O 3 carriers of different texture Table 3 presents the coking rates determined for nickel catalysts of different texture by the two methods employed. An interesting conclusion can be drawn from a comparison of the coking rates for three nickel catalysts on the same type of support (a-Al 2 O 3 ). Thus, elimination of the effect of diffusion factors in the equilibrated mixture led to virtually the same coking rates being observed for these catalysts when expressed per unit area of active nickel surface area (Figure 5 ), the average value being 3186 ± 178 mg C/(m 2 min). It is probable that the same coking rates are observed when support surfaces of the same chemical character exhibit the same interactions with the components of the reaction mixture.
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Nickel catalysts of different composition and support texture
Catalysts of the type Ni/Al 2 O 3 -MgO exhibit significant differences in physicochemical properties (Table 1 ) and texture. Changes in the active and total surface areas for this series of catalysts are presented in Figure 6 while Figure 7 illustrates the effect of the support composition on the coking rates [mg C/(g cat min)] of these catalysts.
It was observed that when significant textural differences existed between various samples, the measured changes in coking rate depended on the technique employed. Coking rates determined using the typical gravimetric method decreased as the MgO content in the support increased, an observation in agreement with most published literature data (e.g. Rostrup-Nielsen 1984; Ruckenstein and Hu 1997) . This demonstrates the effect of basic magnesium oxide in increasing the resistance towards coking in the steam reforming of hydrocarbons. However, it was observed that the dependence of the coking rate on the support combination in the system containing an equilibrated mixture was more complex and passed through a maximum for catalyst samples exhibiting the largest active surface area (Figure 6 ).
When the conditions for the steam reforming reaction such as temperature, hydrocarbon type and reagent ratio were fixed, the observed coking rate depended mainly on the chemical composition of the catalyst surface and on the magnitude of the accessible nickel active surface area. Thus, the absence of diffusion limitations in measurements of the rate of coking in an equilibrated mixture led to the disclosure not only of the influence of the surface nature of the catalyst brought about by changes in the amounts of MgO in the support, but also of the importance of the magnitude of the surface area of the nickel catalyst (Figure 7) . However, the results obtained show that the influence of the composition of the support on the coking rate exhibited a similar quantitative magnitude irrespective of the measurement technique employed, provided that the rate of deposit formation was related to the magnitude of the active nickel surface area (Figure 8) . Thus, it appears that for the series of catalysts examined, differences observed between the influence of MgO content in the support and changes in the values of the coking rate as measured by both methods studied indicate the superiority of the proposed method for estimating catalyst resistance towards coking.
CONCLUSIONS
1. The coking rate of the Ni(A) catalyst in an equilibrated mixture was virtually constant and independent of the amount of initial carbon deposit formed during the n-butane cracking reaction [= 6.95 ± 0.17 mg C/(g cat min) over the 8-22 wt% carbon deposit range]. 2. In addition, elimination of initial coking during sample preparation had no effect on the rate of catalyst coking. The very short period (~5 min) observed for establishing a constant rate of weight change with time indicates the high 'coking potential' of the reaction mixture employed. 3. The catalysts studied were coked at various rates thereby enabling their behaviours to be differentiated. Thus, Ni-Mo catalysts coked more slowly than the sample without addition of a promoter but, due to the very low partial pressures of steam employed, the influence of Mo addition was noticeably smaller than that observed for experiments in which the coking rate was determined by application of traditional thermogravimetric methods, as in the steam reforming of n-butane. 4. The results for all the catalysts investigated presented in Figure 9 demonstrate a qualitative agreement between the rates of coking in the equilibrated mixture and during the steam reforming of n-butane where the H 2 O/C ratio was equal to 0.5. This indicates that the coking resistance as established for the series of catalysts investigated was independent of the method of measurement used. 5. The proposed method using equilibrated mixtures enabled a better estimation of the coking resistance of nickel catalysts on various supports. It also appears that the results obtained by this method provide a good estimation of the influence of the surface conditions of nickel catalysts on their resistance towards coking.
